ABSTRACT: Most climate variability studies have been conducted at a regional level in which it was assumed that the climate was uniform for each individual climatic zone. The objective of this study was to determine climate variability at a local level for the entire state of Georgia during the 20th century. Daily historical weather data for 85 weather stations were analyzed for the period 1901-1997. Annual air temperature for the century showed a statistically significant negative trend. A similar tendency was found for both the warm-and cold-half of the year, as well as the individual winter, spring and summer seasons. Georgia has experienced several drought episodes during the 20th century, especially during the 1930s, 1950s and 1980s. Drought was most severe in 1954 across central and south Georgia, with precipitation less than 35% of the normal ) climatic values. A decrease in precipitation during the warm-half of the year (April-September) from the end of 1970s until present was found. Although there was an increase in summer precipitation from the beginning of the 1980s, the overall trend showed a decrease in summer precipitation. Most El Niño episodes during the cold-half of the year featured an increased frequency of occurrences of above normal precipitation. During the autumn El Niño events, Georgia has tended to be warmer than the normal climatic conditions. However, almost all classified winter El Niños were connected by lower mean air temperature during the winter season. This lower temperature during the winter resulted in an increase in winter wheat yield. Higher air temperatures during the growing season resulted in a shorter growing duration, causing a reduction in yield. The spring and summer crops used in this study were affected by both precipitation deficits and higher air temperatures during the warm-half of the year. Since 1961, maize yield was higher in most years when El Niño events occurred during the warm-half of the year. The statistical linear yield models that were developed in this study can be used for assessments of expected anomalies of mean winter wheat, maize, soybean, peanut and cotton yield in Georgia for a particular year.
INTRODUCTION
The Earth's climate has exhibited marked 'natural' variations and changes, with time scales ranging from millions of years down to 1 or 2 yr. Over periods of several years, fluctuations in global surface temperatures of a few tenths of a degree are common. Some of these are related to the El Niño-Southern Oscillation (ENSO) phenomenon, while major volcanic eruptions have also had some impacts. The concentration of greenhouse gases in the atmosphere has continued to increase. This is largely due to human activities, mostly fossil fuel use, land-use change, and agriculture. About 64% of the warming effect caused by greenhouse gas increases over the last 200 yr is due to carbon dioxide (e.g., Houghton et al. 1996) . Global mean surface temperature has increased by between 0.3 and 0.6°C since the late 19th century. It is quite possible that this warming suggests a discernible human influence on global climate (e.g., Houghton et al. 1996) . In recent years, the problem of climate variations, caused by natural processes as well as anthropogenic changes in the atmosphere, has reached worldwide attention by scientists as well as the popular press. The national variations as well as the regional trends of the US climate during the 20th century have been studied extensively (e.g., Karl et al. 1995a -c, Portman & Gutzler 1996 , Michaels et al. 1998 , Easterling 1999 . Climate variations for some specific US regions have also been investigated (e.g., Stahle & Cleaveland 1994 , Skaggs et al. 1995 , Henderson & Muller 1997 , Woodhouse 1997 , Cayan et al. 1998 , NCDC 1999 .
Climate is a primary determinant of agricultural productivity. Any modifications of weather due to the impact of climate variability directly affect crop production (e.g., Thompson 1986 , Stooksbury & Michaels 1994 , WMO 1994 , Kaufmann & Snell 1997 , Perkey & Hayes 1998 , Rotter et al. 1998 , Freckleton et al. 1999 , Gadgil et al. 1999 . Crop yields are affected by variations in climatic factors such as air temperature and precipitation and the frequency and severity of extreme events such as droughts, floods, hurricanes, windstorms, and hail. During the last few years the influence of climate variability caused by the ENSO phenomenon on agricultural productivity has also received a significant interest by scientists (e.g., Carlson et al. 1996 , Singels & Potgieter 1997 , Hansen et al. 1998a -c, Philips et al. 1998 , Solow et al. 1998 , Mauget & Upchurch 1999 , Todey et al. 1999 ).
There is no doubt that the impact of climate variability on agricultural production is important at different levels, including the local, regional, national, and global scale. In the southeastern USA, agriculture is one of the most important economic sectors (Hansen & Jones 1999) . The objective of this study was to investigate climate variations in Georgia during the 20th century and the related yield fluctuations of important agricultural crops, including winter wheat, maize, soybean, peanut, and cotton.
EXPERIMENTAL MATERIALS AND METHODS
Daily weather information for the 20th century was gathered for all climatic zones in Georgia. The state is divided into 9 divisions, which are areas of similar climatological characteristics. Daily weather data recorded at 85 weather stations were used; most of the sites are located in remote areas where urbanization did not directly affect the local climate (Fig. 1) .
Maximum and minimum air temperature and precipitation data were obtained from EarthInfo Inc. (1997) . Missing values were interpolated using available weather information from the nearest neighboring stations. There are 2 limitations related to the weather data used in this study. The number of stations with available weather data varied during the study period that ranged from 1901 to 1997. Only 8 weather stations were available from the beginning of the century until 1930; the number of stations increased significantly in 1948. Another limitation is that weather data were not tested for homogeneity due to lack of sufficient metadata. Available mean yield data of winter wheat, maize, soybean, peanut and cotton in Georgia during the period 1901-1997 were obtained from a published database, developed by the National Agricultural Statistics Service (NASS 1999) .
The Southern Oscillation is a pronounced disturbance of the atmospheric circulation over lower latitudes of the Pacific sector associated with a redistribution of mass during the course of the El Niño warming and La Niña cooling of the Equatorial Pacific. The Southern Oscillation (strength and direction) is measured by a simple index, the Southern Oscillation Index (SOI). The SOI is defined as the normalized pressure difference between Tahiti and Darwin. There are several slight variations in the SOI values calculated at various centers. In this study, the SOI monthly values, provided by the Climate Research Unit, United Kingdom, for the period 1901 , were used (CRU 1999 . The SOI calculations are based on the method given by Ropelewski & Jones (1987) . Details of the early pressure sources and methods used to compile the series from 1896 onwards can be found in Allan et al. (1991) and Können et al. (1998) . A negative SOI value is associated with warm El Niño conditions in the eastern Pacific. Different SOI thresholds have been used to identify El Niño events, 2 of them equal to -0.8 or -1.0 (e.g., Kiladis & van Loon 1988 , Carlson et al. 1996 , Trenberth 1997 , Todey et al. 1999 ). As the SOI should only be used when monthly means are smoothed (e.g., Trenberth 1997), El Niño event occurrences in this study were classified on an annual and seasonal SOI basis using the -0.8 threshold (Table 1) . Obtained time series of air temperature and precipitation anomalies were smoothed by a 5 yr running average. Two non-parametric tests were used to determine the possible existence of statistically significant trends of air temperature and precipitation assuming a 5% probability level -the Mann-Kendall and Spearman rank statistics (e.g., WMO 1966 WMO , 1990 .
Since the introduction of statistics, relations between weather and agricultural production and crop yields have been quantified. One of the earliest quantitative studies of the effect of weather on crop yield is by Smith (1914) . Usually, simple or multiple regression models are developed to determine which climate terms have the most important impact on agricultural crop yield. These models provide the basis for estimating the regional production for a given set of climatic conditions. Statistical models that determine crop yield from climate variables generally relate historical estimates of yield with climate variables such as precipitation, temperature, and soil moisture (e.g., Katz 1979 , Thompson 1986 , 1988 , Decker & Achutuni 1988 . In this study we also present the relationships that exist between climatic conditions and yield of winter wheat, maize, soybean, peanut, and cotton in Georgia. The statistical crop-weather models were developed with a stepwise multi-linear regression, assuming a 5% probability level. Stepwise regression fits variables in the order of their importance, thereby providing an indication of the contribution of each of the individual input variables. If a variable does not significantly reduce the variance between the data and fit, it is dropped. This permits users to determine the main variables that influence their data. This approach is especially useful when developing models that have a large number of independent variables and it is unclear which ones should be included as input variables (e.g., Afifi & Aizen 1979 , StatSoft Inc. 1995 , Statistical Graphics Corp. 1999 ).
RESULTS AND DISCUSSION

Climate variability
The long-term variation of air temperature was investigated for all 9 climatological divisions in Georgia. The results were also averaged for the entire state. The variation in maximum air temperature during the first 3 decades of the 20th century was very similar to the current climatic conditions, which are based on the period 1961-1990, according to the recommendations of the World Meteorological Organization (WMO). Annual minimum air temperature during the first 3 decades of the 20th century was between 0.5 and 2.0°C higher than for . The period during the 1930s, 1940s and the first half of the 1950s could be characterized as a warm period, taking into account the positive anomalies both in maximum and minimum air temperatures. In contrast, a cool period was observed in the 1960s. Since then, the annual maximum air temperature has varied slightly around the values of the current climate, except during the last 5 yr of the investigation, when the annual maximum air temperature was below normal. However, an increase in annual minimum air temperature was observed since 35 Period Year Annual 1905 1912 1914 1919 1940 1941 1956 1972 1977 1982 1983 1987 1991 1992 1993 April-September 1905 1911 1912 1914 1919 1932 1940 1941 1946 1951 1953 1965 1972 1977 1982 1987 1991 1993 October-March a 1905 1906 1912 1915 1919 1926 1940 1941 1942 1952 1966 1973 1978 1983 1987 1992 1993 October-December 1901 1905 1913 1919 1925 1939 1940 1941 1951 1963 1965 1972 1977 1982 1986 1991 1992 January-March 1905 1912 1915 1919 1926 1941 1942 1958 1966 1970 1978 1983 1987 1992 1993 a The years include the period October-December from the previous calendar year Table 1 . Classification of El Niño events using annual, 6 and 3 mo SOI averages with a -0.8 threshold the end of the 1960s. As a result of the variation in maximum and minimum air temperatures, annual mean air temperature had a statistically significant decreasing trend during the study period (Fig. 2 ). This trend was opposite in comparison to the trend of the global mean surface air temperature, which has increased by 0.3 to 0.6°C since the late 19th century (e.g., Houghton 1996) . Annual air temperatures in Georgia in 1996 and 1997 were lower than the normal climatic conditions . The variations of mean air temperature were relatively similar in all climatological divisions in Georgia, except the ones in the northeast mountain division, where mean air temperature in the 1930s was below or near to its normal values. The anomalies of annual mean temperature were higher in the northwest climatological division and lower in southeast Georgia.
Mean air temperature in Georgia from April to September and from October to March was higher during the first half of the century, relative to the normal climatic conditions. This caused a negative trend of air temperature during the warm and cold halves of the year for the studied period which was statistically significant. Similar variations and statistically significant trends were obtained for the winter (January-March), spring (April-June) and summer (July-September) seasons. Cooler spells during the winter were observed at the end of the 1960s and 1970s (Fig. 3a) . The anomalies in January 1977 and February 1978 were near -5 and -4°C, respectively. The decrease in mean air temperature was monotonous and statistically significant for spring, but it was not significant for autumn (October-December) (Fig. 3b) . The increase in mean temperature during the summer season which has been observed since the 1960s was mainly caused by an increase in mean air temperature in July, the warmest month of the year in Georgia.
Annual precipitation in Georgia showed significant annual variation. Georgia has experienced several drought episodes during the 20th century, most notably in the 1930s, 1950s and 1980s (Fig. 4a) . Drought periods in the 1930s and 1980s were more significant in north Georgia. However, the drought spell in the 1950s occurred across the entire state. Drought was most severe in 1954 in central and south Georgia, with precipitation less than 35% of the normal ) climatic values. In general, the variation in mean annual precipitation in Georgia did not show a statistically significant trend. A slight increase in annual precipitation has been observed in the east central climatological division since the 1930s.
The filtered curve in Fig. 4b suggests that there has been a decrease in precipitation from April to Septem- ber, starting at the end of the 1970s. Precipitation has been below the 30 yr ) average for 13 of the last 21 yr. The years 1986, 1990 and 1993 are among the driest warm-half years. In the 1980s a drought occurred in all climatological divisions, while a reduction in precipitation in the 1950s was only observed in north Georgia. Precipitation during the cold-half of the year (October-March) has statistically significantly increased since the 1950s (Fig. 4c) . It is especially dominant in the east-central, south-central and southeast climatological divisions. Precipitation anomalies in the south-central division have been above normal during the last 7 yr of this study. Precipitation during the winter months (from January to March) varied without any significant trend in north Georgia. However, precipitation in central and south Georgia showed an increase. Especially since the beginning of the 1950s, precipitation in south Georgia has increased. The drought spell during spring in the middle 1910s was followed by a 6 yr wet period. A long drought period similar to the ones during the springs of the 1980s and 1990s has not been observed in other years during the entire 20th century. The reduction in precipitation for April and May during the last 2 decades has, in most cases, been higher than 40% across the entire state. Although there is an increase in precipitation during the summer from the beginning of the 1980s, overall summer precipitation shows a statistically significant decrease for 1901 to 1997. Precipitation in July in southeast Georgia has decreased since the 1960s. However, precipitation anomalies were mainly positive in the north-central, northeast and central climatological divisions of Georgia during the 1990s. The autumn seasonal precipitation, e.g., from October to December, showed a statistically significant increasing trend across Georgia from the middle of the 1950s, due to precipitation increases during the October and November months. Precipitation during December varied both above and below current climatic normals.
Most El Niño episodes during the cold-half of the year have featured an increased frequency of precipitation occurrence above normal. Only 5 out of all 17 El Niño events, classified for the same period (from October to March), were characterized with negative precipitation anomalies, e.g., in 1905, 1915, 1940, 1941 and 1992 (Fig. 4c, Table 1 ). In general, the El Niño conditions during the autumn season (October-December) were related to precipitation quantities higher than the normal for the entire state. The highest positive precipitation anomalies, relative to the period 1961-1990, occurred in 1925 (64%), 1986 (44%), 1992 (53%), 1994 (47%) and especially 1997 (78%). The 1997-1998 El Niño episode started in the spring of 1997 and produced a very strong signal.
Therefore, both the warm-half of the year as well as the entire year were classified as El Niño events. During the other strong El Niño episode in 1982-1983, most of the climatological divisions in Georgia experienced above normal precipitation: more than 20% above normal precipitation during the cold-half of the year, e.g., October-March. During the autumn El Niño events, the state has tended to be warmer than the normal climatic conditions, taking into account Fig. 4 . Anomalies of precipitation in Georgia for the complete year (a), and during the warm (b: April-September) and cold (c: October-March) halves of the year, relative to the period that the mean air temperature anomalies were positive for 12 of the 19 El Niño episodes. However, almost all classified winter El Niños were followed by a lower mean air temperature from January to March. For example, the mean air temperature anomaly during the winter was -2.4°C in 1958 and -2.9°C in 1978 (Fig. 3, Table 1 ).
Crop yield variability
Long-term variations of mean winter wheat, maize, soybean, peanut, and cotton yields in Georgia are presented in Fig. 5 . Yield for all crops varied from year to year during the study period. However, the yield variations are more significant after the mid-century. Since the 1950s, the mean crop yield in Georgia has increased considerably due to utilization of technological innovations and improved agrotechnological crop management in agriculture.
Current ) precipitation during the coldhalf of the year (October-March) ranged from 500 to 560 mm in east and southeast Georgia, 560 to 700 mm in central, west and south Georgia, and 700 to 900 mm in north Georgia. Precipitation during the spring season, e.g., April-June, varied between 280 and 380 mm. It is normally assumed that the water requirements for winter wheat are met by the high values of precipitation during the growing season, especially between October and June. Therefore, winter wheat is normally grown as a rainfed crop in the region. However, winter wheat growth, development and final grain yield in Georgia are sensitive to air temperature. Higher air temperatures during the growing season sometimes lead to lower grain yield, while lower temperatures than the current climatic values seem to increase wheat yield (Fig. 5a , Table 2 ). Precipitation during the warm-half of the year, e.g., April-September, is an important environmental factor during the growing season for spring crops, and it has a significant impact on potential crop yield. A deficit in precipitation is usually the most important constraint, limiting crop production. Precipitation from April to September is 580 mm in Central Georgia and increases to 760-840 mm for either the northern or the southern part of the state. A precipitation deficit can lead to a potential reduction in yield during some years. Under both drought conditions and higher air temperatures final yield can decrease significantly. This situation occurred, for example, for maize in 1954 in , 1977 in , 1980 in , 1981 in , 1986 in , 1990 in and 1993 , Table 3 ). Similar combinations of reduced precipitation, higher air temperature and lower crop yield were observed in 1954 , 1980 , 1990 and 1993 for soybean and peanut, and in 1977 , 1980 , 1986 , 1990 and 1993 Table 3 ).
An analysis was conducted to determine if a direct relation exists between El Niño events during the cold and warm halves of the year and yield of winter wheat, maize, soybean, peanut, and cotton from 1961 to 1997. Annual maize yield was, in most cases, above the polynomial trend (Fig. 5b) . The El Niño conditions during the growing season of maize in 1977 and 1993 were characterized by drought, which caused a decrease in grain yield. It is important to note that normally every El Niño event is unique with respect to precipitation patterns and areas affected by possible dry conditions. Agrotechnological trends in crop yield variations were removed for the last 37 yr of the study in order to develop quantitative relationships between detrended yield of winter wheat, maize, soybean, peanut, and cotton and precipitation and air temperature. In Fig. 6 , anomalies of detrended grain yield of winter wheat and maize are presented. Linear relationships between the detrended crop yield anomalies in Georgia and anomalies of meteorological variables such as air temperature and precipitation were developed, using stepwise multilinear regression (e.g., Afifi & Aizen 1979, StatSoft Inc. 1995 , Statistical Graphics Corp. 1999 ). However, before using stepwise multilinear regression, a simple linear regression was applied to evaluate the correlation between the anomalies of yield, precipitation and air temperature. In general, anomalies of meteorological values with a relatively significant correlation to crop yield anomalies were used as input variables in the stepwise multilinear regression calculations. This was done in order to decrease to a relatively appropriate minimum the initial input variables in the stepwise multilinear regression model. For example, it was found that the correlation coefficient between the winter wheat yield anomalies and the mean air temperature anomalies during the cold-half of the year was equal to -0.65. Therefore minimum air temperature anomalies were not used as input variables. It was assumed that minimum air temperature is not significant, especially for spring crops in Georgia. The same principle approach was applied to precipitation and winter wheat yield. Precipitation anomalies were rejected as an input variable in the stepwise multilinear regression calculations. Therefore, the only initial input variables were the anomalies of mean air temperature during the cold-half of the year and the monthly mean air temperature anomalies from October to May. This resulted in the following multiple relationship between the anomalies of mean winter wheat yield and air temperature:
where ∆Y wh are anomalies of detrended mean winter wheat yield in Georgia; ∆T Oct -Mar are anomalies of mean air temperature from October to March; and ∆T Feb and ∆T May are anomalies of mean air temperature in February and May. Higher air temperatures during the cold-half of the year affect final winter wheat yield considerably. Positive anomalies of air temperature in May also lead to a decrease in wheat yield due to a shorter grain filling period. Higher temperatures in February are beneficial to winter wheat due to an enhancement of early development, following the process of vernalization. Similarly, statistical relations between anomalies of mean maize, soybean, peanut and cotton yield and precipitation and air temperature during the current climate conditions were developed. It was found that the precipitation anomalies in July have the most significant impact on the yield anomalies for the spring crops used in the study. Maize is mainly affected by a precipitation deficit and high air temperatures, especially during the grain filling period; higher air temperatures cause a decrease in grain filling duration. For maize, therefore, the initial input variables into the stepwise multilinear regression model were the precipitation anomalies during the months from March to August and the anomalies of maximum air temperature for the same months.
Taking into account the growing season in Georgia for soybean, cotton and peanut as well as the climatic conditions, the anomalies of precipitation and maximum air temperatures for the months from May to September were used as model inputs. Due to a significant correlation obtained for peanut, the anomalies of the mean air temperatures for the warm-half of the year (April-September) and summer (July-September) were also used as initial input variables.
The multilinear regression analysis resulted in the following equations for the maize, soybean, peanut and cotton yield anomalies:
(2) (3) (4) (5) where ∆Y mz , ∆Y sb , ∆Y pn and ∆Y co are anomalies of detrended mean maize, soybean, peanut and cotton yield in Georgia; ∆R Jul , ∆R Aug and ∆R Sep are anomalies of precipitation in July, August and September; ∆T Ju n max and ∆T Sep max are anomalies of maximum air temperature in June and September; and ∆T Jul -Sep is the anomaly of mean air temperature in summer (July-September). All statistical models for the spring crops include precipitation during the warmest month of the year, July. Precipitation in August is an important factor that can increase yield potential for soybean, taking into account that soybean is harvested in November. Precipitation in September affects cotton yield. Higher air temperatures decrease yield for all spring crops. Mean air temperature during the summer season affects peanut yield (Eq. 4). A higher maximum air temperature in June has a negative impact on maize yield. The increase of maximum air temperature in September affects soybean and cotton yield, respectively. It is important to note that the statistical relation for cotton (Eq. 5) was developed using data for a shorter period, 1974-1997, due to the lack of yield data between 1952 and 1973. Nevertheless, the coefficient of determination (r 2 ) for cotton (Eq. 5) shows satisfactory results (Table 4) . A comparison between observed and simulated yield anomalies for winter wheat, maize, soybean, peanut, and cotton is presented in Fig. 7 . Simulated crop yield anomalies were in most cases in accordance with the observed yield anomalies, with r 2 ranging from 0.52 to 0.77. All results are statistically significant at a 5% probability level (Table 4) . . .
CONCLUSIONS
Annual air temperature for the 20th century showed a statistically significant negative trend in Georgia. This is opposite to the trends of the national and global mean surface air temperature, which have shown a slight increase. This confirms that the local or state climate can have a different variability or trend, compared to regional, national and especially global climate variability and trends. Precipitation in Georgia showed a considerable annual variation from 1901 to 1997. Georgia has experienced several drought episodes during the 20th century, especially in the 1930s, 1950s and 1980s. A decrease in precipitation from April to September was found from the end of 1970s. It is difficult to predict precipitation variations during the 21st century. However, the drought occurrences in 1998, 1999, and 2000 have persisted for a long time, prompting one to ask if a precipitation deficit is becoming more frequent or extensive. Most El Niño episodes during the cold-half of the year, October-March, have featured an increased frequency of occurrence of above current precipitation in Georgia. During the autumn El Niño events, the state has tended to be warmer than the current climatic condition. However, almost all classified winter El Niños were followed by a lower mean air temperature from January to March.
The outcomes of this study can be used by researchers to assess current climatic fluctuations and variability and the expected climate change for the 21st century. Some of these results can even be helpful for different consumer groups. Several climatological maps, representing annual, seasonal, and monthly precipitation, as well as maximum, minimum, and mean air temperature have therefore been created, using the averages from the 85 weather stations for the period . They are presented as part of the Georgia Automated Environmental Monitoring Network (GAEMN) home page at http://www. georgiaweather.net and are available to the general public. Deviations from normal, i.e., , for precipitation and temperature are also displayed on the Web.
In general, air temperature and precipitation are the major weather factors that determine the variability of crop production in Georgia. A higher air temperature during the cold-half of the year normally results in a lower grain yield for wheat, while lower temperatures sometimes can increase wheat yield. All crops, including maize, soybean, peanut, and cotton, are affected by a higher air temperature as well as a precipitation deficit during the warm-half of the year. Especially a low amount of precipitation during July, the warmest month of the year, affects all major crops. Since 1961, maize yield has been higher in years with El Niño events during the warm-half of the year. A detailed study regarding the impact of El Niño on agriculture in Georgia is recommended. The proposed statistical linear models that describe the relationship between crop yield, precipitation, and air temperature can be used to assess expected anomalies of mean winter wheat, maize, soybean, peanut, and cotton yields before harvest maturity is reached in a particular year. However, a verification of these models on independent yield and weather data should be conducted. In addition to stepwise multilinear regression, principal component regression and partial least square regression are also recommended in further studies. This approach can especially be useful when the dependent series are short and there are many possible independent variables. Some of the results obtained in this study can also be used in the ongoing US national assessment of the potential consequences of climate variability and change on agricultural production and natural resources.
